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SECTION I

INTRODUCTION AND SUMMARY

Metallic aircraft structures must be designed to be dur-
able and to resist fatigue cracking in service. Durability
"design tools" are needed to analytically ensure that the
aircraft structure can be economically maintained with a high
degree of operational readiness and warfighting capability.

Therefore, a 30-month research program was initiated in 1984
to: (1) develop a probabilistic-based durability analysis
method for metallic aircraft structures capable of predicting
the functional impairment due to excessive cracking, fuel

leakage and/or ligament breakage, (2) recommend improvements
to the current Air Force durability design requirements [1,2]
and (3) update the current Air Force durability design hand-

book (AFWAL-TR-83-3027) [3]. This three-phase program in-
cluded eight tasks. A roadmap for the program is shown in
Fig. 1. This is Volume IV of a five-volume sequence of final
reports (4-8 for this program.

Under Task I we developed methods for determining the

initial fatigue quality or equivalent initial flaw size dis-
tribution (EIFSD) for structural details. Methods were de-
veloped for estimating and optimizing EIFSD parameters for an
"equivalent single hole population" basis. A data pooling

procedure was developed including a statistical scaling tech-

nique for determining the EIFSD parameters for one or more

fractographic data sets in a "global sense." The sensitivity
of the EIFSD parameters with respect to key variables (e.g.,

fractographic crack size range, % bolt load transfer, stress
level, load spectrum, etc.) was also investigated.

Task II was concerned with the optimization of current

durability analysis methods [9-153 for predicting the probab-

ility of crack exceedance, p(i, r ), for metallic aircraft
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structures. Under this task we developed procedures and

guidelines for defining suitable service crack growth master

curves (SCGCs) for durability analysis using an analytical
crack growth program [e.g., 16,17]. A SCGMC is used to grow

the EIFSD forward to predict the probability of crack exceed-
ance at any service time, or the cumulative distribution of
service time to reach any crack size. Methods are developed
and evaluated for making the SCGIC compatible with the basis
on which the EIFSD is established.

In Task III ve extended the current durability analysis
method [9-15] for the small crack size region to large
through-the-thickness cracks (e.g., 0.5"-0.75") associated
with functional impairment due to fuel leaks and/or ligament
breakage. The recommended approach, referred to as the two-

segment deterministic-stochastic approach (DCGA-SCGA), in-
cludes the Weibull compatible EIFSD function and determinis-

tic/stochastic crack growth models. Various one-segment and
two-segment crack growth approaches (i.e., deterministic and

stochastic) were developed and evaluated. Different EIFSD
functions (i.e., Weibull compatible, lognormal and two-para-

meter Weibull) were also considered. The DCGA-SCGA was de-
monstrated for countersunk and straight-bore fastener holes

with clearance-fit fasteners using coupon specimens and full-
scale aircraft structure.

Task IV included a two-phase experimental test program
with fractographic evaluations. Under Phase I, 31 multi-hole

dog-bone specimens were fatigue tested to failure. The phase

2 test program included 105 spectrum fatigue tests using

simple dog-bone or double reversed dog-bone specimens and a

strain survey to verify the % bolt load transfer. All speci-
mens tested were 3.U0" wide. The matorial was 7475-T7351 al-

uminum plate. Both countersunk and straight-bore fastener

holes with clearance-fit fasteners were used. None of the

fastener holes included any special life enhancement features

3



suel as cold working, interference fit or cold fit bushings.

Since no intentional preflaws were implanted in any of the
fastener holes, natural fatigue cracks were allowed to init-
iate and propagate. Fractoqraphic results were acquired for
ovpr 180 fatigue cracks.

The experimental results of Task IV were evaluated under
Task V. Durability analysis predictions for p(i, rT ) at a
given service time and/or cumulative distribution of service
time, FT(t), to reach a given crack size were correlated with
results from Task IV. A comprehensive demonstration of the
DCGA-SCGA was conducted using coupon specimen results.

Current Air Force durability design requirements [1,2]
were reviewed under Task VI. Modifications were proposed to
make the requirements more realistic and definitive based on
the results of this program.

Guidelines for implementing the advanced durability an-
alysis approach were developed under Task VII. Step-by-step
procedures and guidelines were developed for acquiring init-
ial fatigue quality data, for optimizing the EIFSD for dur-
ability analysis, for making p(i, 'r ) and/or FT(t) predic-
tions, and for predicting the extent of damage at any service
time.

Task VIII was concerned with updating the Air Force Dur-
ability Design Handbook r3] to include the advancements made
under this program. Aýdvnced durability analysis methods are
demonstrated using coupon specimens and the lower wing skins
from a fighter aircraft. Methods and guidelines are present-
ed in the second edition of the handbook (18] for implementa-
tions.

Software h~s been developed for implementing the advanc-
ed durability analysis methods developed under this program

4



on an IBM or IBM-compatible PC. The software can be used to:

(1) save or screen fractographic data on floppy disk, (2) de-

termine crack growth parameters, (3) optimize EIFSD paramet-

ers for Weibull compatible distribution function, (4) predict
the crack exceedance probability, p(i,r), at any service time
or the distribution of service time. FT(t), to reach any
crack size and (5) plot fractographic data and/or durability
analysis results.

As shown in Fig. 1, the following final report volwzes
(AFWAL-TR-86-3017) and handbook (AFWAL-TR-83-3027) document
the work conducted under this program:

"o Volume I - Analytical Methods

"o Volume II - Analytical Predictions, Test Results,
and Analytical/Experimental Correla-
tions

"o Volume III- Fractographic Test Data

"o Volume IV - Executive Summary

"o Volume V - Durability Analysis Software User's
Guide

"o USAF Durability Design Handbook (2nd Edition;
AFWAL-TR-83-3027)



SECTION II
DURABILITY ANALYSIS APPROACH

A probabilistic durability analysis approach for metal-

lic aircraft structures is summarized in this section. This
approach can be used to analytically predict the probability
of functional impairment due to excessive cracking, fuel

leaks or ligament breakage. The methodology accounts for the
initial fatigue quality variation, crack growth damage accu-
mulation in a population of structural details (e.g., fasten-
er holes, lugs, fillets, cutouts, etc.), load spectra and

structural properties, Thus, the extent of damage can be

quantitatively estimnted at any service time under service
conditions. Once the initial fatigue quality or equivalent

initial flaw size distribution (EIFSt) has been determined,
the probability of functional impairment is obtained by grow-

ing the EIFSD forward using a deterministic-stochastic crack
growth approach. Essential elements and features of the ap-

proach are described in the following and details are given

elsewhere (4,5,18].

2.1 INITIAL FATIGUE QUALITY REPRESENTATION

Initial fatigue quality of a structural detail is repre-

sented by an equivalent Initial flaw size distribution

(EIFSD). An equivalent initial flaw (EIFS) is an artificial

crack size which results in an actual crack size at en actual
point in time when the initial flaw is grown forward. It is

determined by back-extrapolating fractographic results and
has the following characteristics: (1) an EIFS is an artifi-
cial crack assumed to represent the initial fatigue quality

of a structural detail in the as-manufactured condition what-

ever the source of fatigue cracking may be, (2) it has no di-

rect relationship to actual initial flaws in fastener holes

such as scratches, burrs, microdefects, etc., and it cannot
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be verified by NDI, (3) It has a universal crack shape in

which tUso crack size is measured in the direction of crack

propagation, (4) EIFSs are in a fracture mechanics fnrmat but

they are not subject to such laws or limitations as the

Oshort crack effect," (5) it depends on the fractographic

data used, the fractoqraphic crack size rangq used for the

back-extrapolation and the crack growth rat& model used, (6)

it must be grown forward in a manner covsistent with the

basis for the ZIFS, ind (7) Eirse are not unique - a differ-

ent set is obtained for each crack growth law used for the

back-extrapolaticn.

Each structural detail to be considered in the durabil-

ity analysis is aasuaed to have a sinqle dominant initial

flaw. An EIFS is a statistical variable which describes the

population of equivalent intial flaw size at time zero.

An ZIPS is not strictly "generic" because it depends on

the following: (1) crack growth rate model used to back-ex-

trapolate fractoqraphic results, (2) conditions reflected in

the fractographic results (e.g., material, type fastener/

hole/fit, load spectra, etc.), (3) fractographic crack size

range used (i.e., AL-AU), and (4) goodness-of-fit criterion.

However, the real issue is not whsther the EISs cor EIFSD is

generic or not. The important question is: "Can &n EIFSD,

based on the fractographic results for one or more data se*ts,

be used to make reasonable durability analysis predictions

for a different set of conditions, e.g., similar material,

same type of load spectra, e.g., fighter, bomber or trans-

port, similar type fastener/hole/fit but different stress

levels and/or % bolt load transfers?" Th6 answer to this

question is "yes"! We have demonstrated under this program

that an EIFSD does not have to be "generic" to obtain reason-

able durability analynis predictions for functional impair-

ment.

8



There are many facets Involved in estimating tne initial

fatigue quality (XFQ) of structural details. Essential ala-

wents for determining IFQ are: (1) suitable fractographic
data acquired for "natural fatigue cracks" (i.e., no inten-
tion&l pro-flaws) in the type of structural detail to be in-

cluded in the durability analysis, (2) a physically-meaning-
ful EIFSD functlon for representing IFQ and (3) a method for
estimating the EIFSD parameters using a data pooling proce-

dure. Once the EIFSD parameters have been estimated, the

candidate EISD is then evaluated and justified for desired
durability analysis applications.

An EIFS value for a fastener hole is determined by back-

extrapolating fractographic data in a selected crack size

range, AL-AU, using a simple but versatile deterministic
crack growth rate model proposed by Yang and Manning (10,19].

Thus, EIFS data sets are obtained from available fractograph-

ic data sets. Then, tbese EIFS data sets are used to deter-

mine the EIFS distribution parameters. Essential elements

for estimating the EIFSD parameters, including the statisti-

c&l scaling and data pocling procedures to account for frac-

tographic data sets with different numbers of fastener holes

per specimen, are described in Vols. I and II.

Software is availabla in Volume V (8] for saving and re-

trieving fractographic data, estimating the EIFSD parameters

and evaluating the candidate EIFSD for durability analysis.

A plotting cap&bility is available for displaying rusultx.

This software is further described in Section VI of this Vol-

ume (IV).

2.2 TWO-SEGMENT DETERMINISTIC-STOCHASTIC CRACK GROWTH APPROACH

Once the EIFS distribution has been determined, the en-

tire population of equivalent initial flaws can be grown for-



witwrd for durability analysis. In this regard, a two-sequent

Jeteuaninict-Setochastic crack growth approach, DCGA-ScGA,

described in Fig. 2, is recommended. This method can be used
to grow the EIFSD to predict the probability of functional im-

poirment due to excessive cracking, fuel leaks or ligament
breakage. Various other crack growth approaches were also
developed [4] and evaluated .5] under this program.

Durability analysis is primarily concerned with predic-
tions for the following quantities: (1) The probability that
a given crack size x in the ith stress region (i - 1,2,...)
will be exceeded at any service time '. referred to as the crack

iaxcoedance probability p(i, r), and (2) the cumulative din-
tribution of service time FT(t) to reach any crack size x, in
the ith stress reqion (i - 1,2,o..). Conceptual plots for
p(i,r) and FT(t) are shown in Fig. 3. Then, the "extent of
damage" for the entire durability component due to excessive
cracking, fuel leaks and/or ligament breakage can be deter-
mined using p(i, 7) predictions for given stress regions of
the structure and the Binomial statistics.

The ).CGA-SCGA is described in detail in Volume I [4).

Only the essentials are described in this section; see Flg.

2.

When the crack size is equal to or smaller than a refer-
ence crack size a0 , a deterministic crack growth rate model
is used to grow the ZIFSD forward to predict the crack ex-
ceedance probability, p(i, 7r). The reference crack size a0

is chosen to be the upper limit AU of the fractographic data

range used to determine EIrSD. When the crack size is larger

than a., however, a stochastic crack growth rate model pro-

posed by Yang, et al [e.g., 20,22,23,29], is used to account

for the crack growth variability in service.

The crack qrcwth rate parameters in both crack size re-

10
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i-ns described above can be estimated using suitable 'racto-
.phic data, if available, or an analytical crack growth

program [e.g., 6]. If an inalytical crack growth prrgram is

used, it must first be "tuned" or curve fitted in tho anall

crack size region (e.g., AL-AU - 0.01" - 0.05") to the same

basis as the EIFSD. Procedures and guidelines for datermin-
ing a service crack growth master curve (SCGNC) usinqT an an-
alytical crack growth program are given elsewhere [)S]. A
SCGMC can be determined using linear elastic fracture mechan-
ics principles without violating "short crack" fracture mech-

anics limitations.

Functional impairment occurs when a limiting cracit size,
x is exceeded. For example, in the case of fastener holes
the following limiting crack sizes could be used: (1) for
excessive cracking; x1  - 0.03" - 0.05" (economical v'ipair

limit for fastener holes), for fuel leaks; x1 - size of
through-the-thickness crack, and (3) for ligament breakage;
x - hole-to-hole dimension between adjacent fasteners. Giv-
en the limiting crack size x1 for functional impairment, the
probability of functional impairment for any stress region at
any service time, t, due to excessive cracking, fuel leakage

or ligament breakage can be obtained from the predicted crack
exceedance probability p(i, f). Then, the Binomial distribu-
tion is used to predict the probability of functional impair-
ment at any service time, T, for the entire aircraft struc-
ture as described in detail in Vol. II (5].

13



SECTION III

EXPREIMENTAL PROGRAM, RESULTS AND CONCLUSIONS

An experimental program was conducted to evaluate, re-
fine and verify the advanced durability analysis methodology
for metallic aircraft structures for both small (e.g.,
<0.05") and large (e.g., 0.50"-0.75") through-tho-thickness
fatigue cracks. The experimental program and conclusions are
summarized in this section. Test results are evaluated in
Volume II [5]. Complete test results and fractographic data
are documented in Volume III [6].

3.1 EXPERIMENTAL TEST PROGRAM

The test matrix is shown in Table 1 and specimen details
are shown in Figs. 4-6. All tests were conducted in lab air
using dog-bone type specimens manufactured from 7475-T7351
aluminum plate (t - 0.50"). Fastener holes were drilled us-
ing typical production methods without any special life en-
hancement conditioning (e.g., coldworking, interference fit,
etc). Both straight-bore and countersunk fastener holes were
considered.

All specimens were fatigue tested to failure using a
selected load npectrum (i.e., F-16 400 hr., F-16C/D or B-1)
and a maximum stress level. Fractographic results were ac-
quired for the largest fatigue crack in one or more fastener
holes par specimen. Test specimens with three countersunk
fasteners (Fig. 4) wera used to acquire data for verifying
statistical scaling. A strain survey was also performed us-
ing the double-reverse dog-bone specimen design shown in Fig.
6. The strain survey was conducted to evaluate the percent-
age of bolt load transfer as a function of the total applied
load.

3.2 EXPERIMENTAL RESULTS

Fractographic data (ibe., crack size versus flight
hours) were acquired for fatigue cracks. The raw fracto-
graphic data, time-to-failure results, applicable testing and
specimen details are given in Volume III [6]. A typical
fractographic data plot is shown in Fig. 7 for the WWPF data
set.

The following fatigue crack initiation trends were ob-
served: (1) no load transfer specimens (with or without a
bolt in the hole) - cracks typically initiated in the bore of
the fastener hole, and (2) bolt load transfer specimens -
corner cracks generally initiated in the hole at the inter-
face of the mating dog-bone halves. The fatigue crack initi-
ation origins and trends observed in this program for both
straight bore and countersunk fastener holes are very similar
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Table 1. Experimental Test Mltrix.

"Data Twt Test spe. Strom s.T Naterai Type
Set Hm Series ti.ted (kol) Load sgwtrun Hole Fastener Fig.

WN I IM) ! ;W 0 ,- 40 k.I .IR 13 9OS0 ,4
Not 1 IM8) 15 34 6 1- . C iSK 9 3033-o0

3! 2 IV(a 131 34 1 P-16 40Sr B 33240
on 2 1t(b) IV 34 6 31 SB -20I 6m
-m 2 11W 3 34 0 1-1 3CA SB W3 I6-0 S
anI 2 11(c) 1 48.3 1 1-14 CIS 3e I6G04-0
am 2 11(h) is 34 6 P-16 4 s. SB (amhas),

Rim4 2 11(4 15 34 15 F-16 40~ Mr K in1353-CJ'
2 11(e) Is 46.6 15 P-164" W. CS. I =95-0 6

- I 11(f) 13 34 13 0-1 CS 395J53 40
RM 2 11(f) 15 '3.6 15 11-1 (5K 1 U9M33-W

* wisdga 4 sWi wd a4oii a -I -•o
(1) CS1 = Countersnk; SO D Straight Bore
W2 UAS 6204-08 (1/4" Dia.) protruding head bolt (steel)

Is 9033-W 14 ma.) buIm, PI- I Bbtint
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to those in the "Fastener Hole Quality" program [24] and the
"Durability Methods Development" program [25].

Strain survey results, based on the specimen type shown
in Fig. 6, are shown in Fig. 8. Strain gage locations and
specimen freebodies are shown in Fig. 9.

Considerably larger scatter in the fatigue toot results
wan observed for countersunX fastener holes than for
straight-bore fastener holes. The clearance fit and drilling
procedure/quality for both types of fastener holes were com-
parable. This strongly suggests that a larger initial flaw
size should be used for the durability analysis of counter-
sunk fastaner holes than for straight-bore fastener holes.

3.3 CONCLUSIONS

Experizental results are evaluated in detail in Volume
I[ (5], including conclusions, recommendations and guidelines
for acquiring initial fatigue quality data. Overall conclu-
sions for the experimental test program are summarized below.

1. The experimental results acquired under this program
were useful for: (1) investigating/evaluatlnq the IFQ of
clearance-fit fastener holes, (2) evaluating, refining and
demonstrating the durability analysis methodology, including
statistical scaling technique, described in Volume I [4], (3)
estimating the % bolt load transfer of double-reversed dog-
bone specimens, and (4) conducting various durability-related
studies.

2. Experimental procedures and guidelines have been de-
veloped for acquiring IFQ data for fastener holes. Details
are given in Volume II (5]. The cleanest way to acquire IFQ
data for fastener holes is to fatigue test specimens with a
single fastener hole to failure. Three types of test speci-
mens are recommended for acquiring ItQ data as shown in Fig.
10.

3. Fractographic data should be surveyed and censored
before being used to estimate the IFQ or EIFSD or any other
durability analysis purpose. Data screening is needed to de-
termine the quality and character of the data and to reject
suspicious data. Questionable fractographic data should be
censored from the data set. Computer software is available
in Volume V [8] foz plotting and screening the fractographic
data.

4. A st..:ain ourvey r;•s conducted using a double-revers-
ed dog-bone type specimen (Fig. 6) with a "J5% bolt load
transfer design." It was found that the actual percentage of
bolt load transfer was approximately 7% at 100% applied spec-
imen load. Alo, the amount of bolt load transter varied as
a function of the applied load and fastener-hole fit.
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3. Only straight shank and oountarsunk oloarance-fit
fastanerm ift 7419-T7351 aluminun were inveatiqated under thiig
,program. ft4e Ofet of interference fit fastene6r and cold-
Vorkinq on the XUQ at fafttner holes remains to be investi-
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SECTION IV
DEMONSTRATION OF DURABILITY ANALYSIS METHODS

The comprehensive advanced durability analysis demon-
stration, documented in Volume II [5] and the second edition
of the durability design handbook [18], is summarized in this
section. Durability analysis methods for predicting the
crack exceedance probability, p(i, T), and the cumulative
distribution of sarvice time to reach any crack size, FT(t)-
are demonstrated using: (1) coupon specimen results, and (2)
tear-down inspection results for the F-16 lower wing skins.

4.1 DEMONSTRATION FOR DOG-BONE SPECIMENS

The advanced durability analysis method described in

Section IT is demonstrated for both countersunk and straight-
bore fastener holes in the following. The initial fatigue

quality is established based on fractcgraphic results obtain-
ed using narrow specimens. Then, predictions for the crack

exceedance probability, p(i,T), and cumulative distribution

of se-vice time to reach a specific crack size, FT(t), in the

large crack size region are made using the DCGA-SCGA. Pre-

dictions are correlated with actual fractographic results ob-

tained using wide dog-bone specimens.

4.1.1 Countersunk Fastener Holes

Three base-line fractographic data sets (i.e., "AFXLR4",

"AFXMR44" and "AFXKR4") based on 1.5" wide specimens are used

to determine the initial fatigue quality. The three data

sets are described in Table 2 and specimen details are shown

in Fig. 11. Fractographic results for each data set were

plotted and screened for abnormal behavior and data sparsity.

As a result of this screening process, one crack (#8) was de-

leted from the AFXLR4 data set.

The Weibull compatible distribution is used to represent

the distribution of EIFS. Using these three base-line frac-

tographic data sets in the crack size range of AL-AU - 0.01"
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Table 2. Description of Fractogravhic Data Sets Used to
Determine tho 17Q for Countersunk Fastener Holes.

DATA SO SIMS (3) % N t NASTD (2) ILUD
(tef. 25) USED (4) (Ri) LT. (In.) (In.) SPMM

U=l.I4 16111 (5) 32 15 1.53 ?5 AMW353-0 1-15 46 It

113 9/9~ 34

5134 10/11 38

Itt (1) UbwG: 74iT5-'ITMIS'lZ

(4) =It a ft ou/toW w. of••• o ý in t got
(5) blet Mo I* fa & t

(W.

, -- .-
I / mII I.l

. -/E '..hhhlhfmus jxl I.

t Figure 11. Ne~rrow !1S BOlt Load Tranfeor Specimen Design
(.I - 1.5").



- 0.05", as well as data pooling and statistical scaling pro-

cedures, the following EXFS distribution parameters were es-
timated: x% - 0.03",t- 1.716 and * - 6.308. The scaling
factor for countersunk specimens is 1- 4, since each specimen
is made of two pieces of aluminum with two fastener holes.
The established EIFSD is grown forward to predict the crack
exceedance probability, p(il'), and cumulative distribution
of service time to reach any given crack size, FT(t), for
WAFXMR4 and WAFXHR4 data sets. The two-segment DCGA-SCGA

approach described in Section II has been used.

Fractographic data for WAFXMR4 and WAFXHR4 were generat-
ed using the same dog-bons specimen shown in Fig. 11 except
that the specimen has a 3.00" width. Thus, fractographic
data in the large crack size range can be obtained from these
wide specimens. The description of WAFXMR4 and WAFXHR4 data
sets is described in Table 3.

The predicted probability of crack exceedance at 7T
11,608 flight hours for WAFXMR4 is displayed in Fig. 12 an a
solid curve. Also shown in this figure as solid circles are
the actual test data for comparison. Further, the predicted
probability of crack exceedance at 1 - 7,000 flight hours for
WAFXHR4 is shown in Fig. 13 as a solid curve and the solid

circles denote the actual fractographic test results.

The predicted cumulative distribution of service time to
reach a crack size of 0.73" for WAFXMR4 is displayed in Fig.
14 as a solid curve. The actual fractographic results are
shown in the same figure as solid circles for comparison.
Similarly, the prediction for the cumulative distribution of
service time to reach a crack size of 0.59" for WAFXHR4 is
shown in Fig. 15 as a solid curve. The solid circles depict-

ed in the same figure are the actual fractographic test data
for comparison. It is observed from Figs. 12 to 15 that the

correlations for countersunk fastener holes between the ex-
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Table 3. Description of WAFXMR4 and WAFXHR4 Fractographic
Data Sets.

NO. alto"
DATA SET LOAD CRACKS aTR 8s WIDTH

TRANSFER (Kai) (In.)

W&V20W4 15 14 34 3.0

WAI4 15 13 40.6 3.0

Note.. 1. 7475-T73s1 Alumln
2. Ref. Fig. 6 for *evcio.n design details.
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perimental results and the durability anal, predictions
are very reasonable.

- 4.1.2 Straight-bore Fastener Holes
The durability analysis demonstration for straight-bore

fastener holes was conducted as follows. Two fractographic
data sets (i.e., "WPF" and "XWPF") (24] were used to deter-

mine the IFQ of straight-bore, clearance-fit, fastener holes
in 7475-T7351 aluminum. The two data sets are described in

Table 4. Specimen details for the WPF and XWPF data sets are
shown in Figs. 16 and 17, respectively. Fractographic re-

sults for each data set were screened by surveying the frac-
tographic data plots. Two abnormal fatigue cracks were de-

leted from each data set for purposes of defining the IFQ.

Fractographic data for each censored data set in the

crack size range AL-AU - 0.01" - 0.05" were used to determine

the crack growth rate parameter. Computer software filename
so "QSZAT" from Volume V [8] was used. The Weibull compatible
distribution is used to represent the distribution of EIFSo

There is only one fastener hole and one piece of aluminum per
WPF specimen, whereas there are two fastener holes with two
pieces of aluminum per XWPF specimen. Hence, the scaling
factor for WPF data set is I - I and that for XWPF data set

is 1- 4. Using the data pooling and statistical scaling pro-
cedures, EIFSD parameters were estimated based on the WPF and
XWPF data sets pooled together. Computer program filename -

"WCIFQ" described in Vol. V [8] was used; with the results xu
- 0.03",C - 4.782 and ) - 4.658.

With the EIFSD parameters determined above from pooled

base-line data (i.e., WPF and XWPF data sets), the EIFS popu-

lation was grown forward to conduct durability analysis pre-

dictions using DCGA-SCGA described in Section II. Specifi-

cally, predictions for crack exceedance probabi]lity, p(i, T),
and the cumulative distribution of service time to reach any
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Table 4. Description of Fractographic Data Sets Used to
Determine the IFQ for Straight-Bore Fastener Holes.

No. of (4) W N Load
Data Set (1) Ovoismens Used L} (In.) Fastener Spectrum

WPF 31/33 (2) 34 0 1.5 NAS6204-8 F-16 400 HR

XWPF 31/33 (3) 34 15 1.5
- i r

Notest (1) 7475-T7351 Aluminum
(2) Deleted fatigue cracks #2 and 6
(3) Deleted fatigue cracks I1I and 16
(4) Gross section stress for peak spectrum load
(5) Reg. FIQ program (24]
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given crack size were made for data sets other than WPF and

XWPF. Fractographic results for the third data set "WWPF"

from Volume III [6] will be used to correlate with the dur-
ability analysis predictions.

Specimen design details for WWPF data set are shown in

Fig. 5 (same as WPF data set), except that the specimen is

wider (i.e., 3" width). Such specimens are wide enough to

provide fractographic dat& in the large crack size region.
Specimens for the WWPF data set were fatigue tested to fail-

ure using the same load spectrum (F-16 400 hour) and maximum
peak (gross) stress level (i.e., 34 ksi) as the "WPF" data
smt.

The prediction of crack anceedance probability, p(i, 7),

for WWPF data set at service time 7' - 18,400 flight hours is
shown in Fig. 18 as a solid curve. Also shown in this figure

are solid circles representing the actual fractographic re-

sults. Figure 18 indicates that the correlation between the

durability analysis prediction and experimental results is

quite reasonable.

4.2 DEMONSTRATION FOR THE F-16 LOWER WING SKINS

The two-segment DCGA-SCGA will be demonstrated using

tear-down inspections results for the F-16 lower wing skins

from the durability test article [25]. Fractographic results

are available for the lower wing skins from the full-scale F-

16 duraDility test article that was fatigue tested under

spectrum loading to 16000 flight hours. The wing skins are

7475-T7351 aluminum and include countersunk fasteners (i.e.,

MS 90353-08 blind pull-through rivets) of the same type used

in the test specimens of Figs. 4 and 6. The durability an-

alysis demonstration was conducted as follows.

1. The wing skin was divided into zen stress regions as

shown in Fig. 19. The stress levels and number of fastener
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holes are shown in Table S. Service crack qrovtb parumeters
ol a for the small and lares crack size reqions were es-
tirAted gor each of the ten stress reqionx. This is accom-

pllsbe4 d r Wq crack ;,wth ratai parameters n.btained fro&
fractograpSic results for 1.50" wide opecimen data setsa
( i.., AFXLR4, Arj=4 and AFX2R4) and tdo wido specimen data
sets (i.e., WAXM0R4 and WAFXX4), along with an capirical
woie. for =rack growth rate parameters proposed by "Lanq and

2. The rIm8D paraxter obtained in Section 4.1 tor
countersunk fastener holes were used fo.r r-16 fastener holes,

i.e., zU - 0.034, C- 1.716 and u 6.308. Note that theee
E21S distr.kution parameters were determ•ined using three nar-
row width specimen data sets, AFXLR4, rAPXMI4 and AXCR4.

3. Based on the DCGA-SCGA, the predictions for crack

exceedance probability, p(i,1r), atr - 16000 flight hours in

ten stress regions 1 i - 1,2,...10) for five different

crack sizes (i.e,, xI- 0.03", 0.05", 0.i", 0.211 and 0.3")

are shown in Table 6. The analysis for the DCGA-SCGA was

conducted using a' - 0.3 (natural log basis), which is quite

reasonable for countersunk fastener holes in 7475-T7351 alum-
inum (5,18,30). The average number of fastener holes with a

crack size greater than xl, 9(i,?T) equal to Nip(i,r7), at

1- 16000 flight hours are predicted for each of the ten stress
regions as shown in Table 6. Predictions for the average
number of fastener holes in the lower wing skin with a crack

size > X at 16000 flight bours, !('11, and its standard de-

viation Cjj( r ), are shown in Table 6 for five crack sizes.
4 (T• values are based on the Binomial distribution. Using

L(T) andc(T), the extent oZ damage for any crack size can be
estimated for selected probabilities. Theoretical predic-
tions shown in Table S are plotted in Fig. 2C. Results based
on the DCGA-DCGA vi] and the DCGA-SCGA are plotted in Fig. 20



Figure 19. Stress Regions for Fighter _Lo~we"S .

Table 3. Streas Levels and Number of Fasteaer Holes for"

Fighter Lower Wing Skin,

STRESS REGION MAX. STRESS LEVEL NO. OF FASTENER
HOLES

N( ks±) __ _ _ _ __ _ _

I 28.3 59
II 27.0 320
III 24.3 680
IV 16.7 469
V 28.4 8
Vt 29.2 30
VII 32.4 8
VIII 26.2 8
xX 26.2 12
X 25.7 20

1614
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as a solid curve and dashed curve, respectively. The results
are identical for both approaches for x, -a (0.05"). Fighter
lower wing skin tear-down inspection results are shown in
Table 6 and they are plotted in Fig. 20 as solid circles. The
exteft of damage, based on the DCGA-SCGA, was estimated for
an exceedance probability of P = 0.05 from L(7) - 1.650Z(T')
using the r(V), and (*t) values shown in Table 6. Results
are plotted in Fig. 20 as a solid-dashed-solid curve (- -- ).

Durability analysis predictions for the lower wing skin,
based on the DCGA-SCGA and the DCGA-DCGA, correlate well with
the tear-down inspection results. Both approaches are consid-
ered reasonable for evaluating functional impairment due to
fuel leakage/ligament breakage in metallic aircraft structur-
es. However, the DCGA-tCGA is recommended for durability
analysis because predictions are more accurate and slightly
more conservative than those based on the DCGA-DCGA. Exten-
sive demonstrations for the DCGA-DCGA and the DCGA-SCGA are
given in Volume II [5].

It has been shown that coupon specimens can be used to
establish the initial fatigue quality of fastener holes for
full-scale aircraft structure. The predicted probability of
crack exceedance can be used to estimate statistically the
"extent of damage" for a durability-critical component for se-
lected exceedance probabilities. This type of information
provides a physical description of the state of damage for a
durability-critical component and a logical basis for estimat-
ing structural maintenance/repair requirements and costs.

The stress level in each stress region is important for
crack growth predictions. Therefore, the stress analysis for
durability-critical components should reflect appropriate fin-
ite element grid sizes to obtain the stress analysis accuracy
desired for each stress region.
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SECTION V

RECOMMENDED CHANGES TO AIR FCRCE DURABILITY
DESIGN REQUIREMENTS AND PHILOSOPHY

Proposed changes in current Air Force durability design
requirements [1,2] and philosophy are recommended and dis-
cussed in this section. The following changes in current
durability design philosophy and requirements for metallic
airframes are recommended:

1. Initial fatigue quality (IFQ) should not be repre-
sented by the same initial flaw size irrespective of mate-
rial, type of fastener hole, structural details, manufactur-
ing procesmes, etc. For example, a larger initial flaw size
should be assumed for a countersunk hole than for a straight-
bore hole for clearance-fit fasteners in the same material in
which the holes were drilled using comparable methods. Fa-
tiquo test results for 7475-T7351 aluminum from the current
program and two other programs (24,25] justify this recommen-
dation. Furthermore, we have observed during the course of
this program that an initial flaw size of .01" radius corner
flaw may not be large enough for clearance-fit fastener holes
for a deterministic-based durability analysis. Although MIL-
A-87221 allows initial flaw sizes >.01" to be used for durab-
ility analysis, there is no motivation for contractors to do
so.

2. An equivalent initial flaw size distribution (EIFSD)
should be used to represent the initial fatigue quality of
structural details. Equivalent initial flaws, based on the
back-extrapolation of fractographic results, should be treat-
ed as a random variable, Then, the effects of scatter due to
material, type of structural detail, design concept and manu-
facturing process on initial fatigue quality can be more
properly accounted for. With a fixed initial flaw size re-
quirement there is no way to discriminate the effacts of
material, structural detail and manufacturing process on in-
itial fatigue quality. Methods for defining EIFSs and the
EIFSD should be standardized and guidelines provided so that
IFQ will be consistently defined and utilized for durability
analyses. The IFQ methods and guidelines developed under
this program should be adopted.

3. The test plan for the Aircraft Structural Integrity
Program (ASIP) should incorporate requirements for an initial
fatigue quality (IFQ) data base. Such a data base can be
economically and timely acquired as a part of the normal ASIP
effort. For example, by not preflawing structural details in
selected test specimens, "natural fatigue crack" data can be
obtained - thereby satisfying data requirements for IF'Q, dur-
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ability and damage tolerance. Some additional testing and
fractography may be required, beyond the normal ASIP effort,
depending on the desired confidence level and circumstances.
In any case, if IFQ data requirements are incorporated into
the ASIP test plan, then such data can be acquired with a
minimum impact on cost and schedule.

4. The probabilistic durability analysis method deve-
loped under this program is a "durability design tool." It
complements the current deterministic durability analysis ap-
proach and it provides a powerful decision-makLng tool for
analytically quantifying structural durability and evaluating
durability design tradeoffs.

5. In MIL-A-87221, Section 3.11 (pg. 375) it is stated
that..."Durability must be designed into the structure to
maximize the eventual life of the airframe." However, cur-
rent deterministic-based durability analysis methods, based
on a single initial flaw size in the vorst case detail in a
group of details, do not provide quantitative information for
assessing excessive cracking or probability of functional im-
pairment. The following "quantitative information" should be
predicted at a selected service time following the full-scale
durability verification test: (1) extent of damage (i.e.,
how many structural details are expected to exceed the limit-
ing crack sizes associated with functional impairment), (2)
probability of crack exceedance (i.e., probability of exceed-
ing functional impairment crack size limits), and (3) probab-
ility of functional impairment (i.e., a quantitative measuro
of the risk of functional impairment). A quantitative dur-
ability analysis is vary attractive for incorporating durab-
ility into the design process. The results of the full-scale
durability test and the quantitative durability analysis
should be used to evaluate appropriate final durability do-
sign trade-offs and production modifications.

5. A distinction should be made between "initial qual-
ity" and "initial fatigue quality" as follows. Initial qual-
ity is a physical description of the actual initial flaws in
a structural detail that can be determined by NDI or other
suitable means. Initial fatigue quality describems the EIFGD
based on the back-extrapolation of suitable fractographic re-
sults. As such, an EIFSD is artificial, and cannot be veri-
fied by ND1.

6. The following torms should be added to the list of
definitions in MIL-A-88668[l] and MIL-A-87221 (2]: (1) equi-
valent initial flaw size, (2) inlitial fatigue quality, (3)
extent of damage, (4) probability of crack exceodance, (5)
probability of functional impairment, and (5) equivalent in'-
itial flaw size distribution. Thesem terms are defined else-
where [e.g., 4,18].
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The proposed changes in durability analysis philosophy
and requirements would have a significant impact on the fol-
lowing: schedule, cost, personnel, training, testing, data
base, analyais, evaluation and practices. It would take time
for engineers and contractors to become familiar with the
probabilistic durability analysis approach. However, the
aerospace industry had to do the same thing when damage tol-
erance and durability requirements were first introduced.
There are many potential pay-offs for adopting the recommen-
dations in this soction, including: (1) improved airframe
durabilitf/life prdLiction• capability, (2) reduced maintain-
ability/supportability requirements, (3) providing useful in-
formation for fleet manager to evaluate usage options, trade-
offs and risks, (4) loter life-cycle-costs, (5) increased
confidence in the product, and (6) provide a useful tool for
achieving "Reliability and Maintainability 2000" goals.
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SECTION VI

DURABILITY ANALYSIS SOFTWARE

Softwere is available for implementing the advanced dur-

ability analysis method described in Section II of this Vol-

ume (IV) and in Volume I (4]. A comprehensive software

user's guide is given in Volume V (8).

6.1 SOFTWARE DESCRIPTION

The advanced durability analysis software includes six

programs in "GWBASIC". The purpose of each program is dea-
aribed in Table 7. All programs can be implemented on an IBM
or IBM-compatible personal computer.

Software is available for plotting the fractographic
data for any crack size or time range and/or durability an-
alysis results for FT(t), p(iT) or Fa(t) (x). A plotting

capability is available for the following durability analysis

options: (1) DCGA, (2) DCGA-DCGA and (3) DCGA-SCGA. Plots

can be obtained with or without correlating data. Typical
example plots are shown in Fig. 21.

6.2 SYSTEM REQUIREMENTS

The advanced durability analysis software is programmed

in "GWBASIC" runs an the IBM PC and compatible systems with

the following minimum configuration:

Memory: 640K RAM

Operating System: MS-DOS Version 2.0 or Later

Graphics Monitor: Monochrome or Color
Disk Drive: 1 Double Sidled Disk Drive
Printer: IBM or Compatible Graphics Printer

Graphics Program: Need Special "GRAPHICS" Program for

Doing Screen. Prints of Graphic

Display
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Table 7. Description of Durability Analysis Sot•tware.

PRO--A

FrXKMIN3 PURPOI8

"IRACT" Save or read/print out fractographic
data on 5 1/4" floppy disk

"ICUZEK Study the character and quality of a
fractographic data set (tabulate data
and plot fractography)

"Oa~•T" Compute pooled Q and 4 for a given
fractographtc data set

"19mrFo" lstimate 3IFSD parameters for Velbull

compatible distribution function

"PLOT" Plot fractographic dota and/or dar-
ability analysis results

"ANAL" Make durability analysis predictions
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SECTION VII

CONCLUSIONS AND RECOMMUNDATIONS

7.1 CONCLUSIONS

1. A comprehensive probabilistic durability analysis
approach has been developed. It applies to the crack growth
accumulation in any type of structural detail (e.g., fastener
holes, cutouts, fillets, etc.). The approach has been veri-
fied for cleArance-fit fastener holes in 7475-T7351 aluminum
at two levels: (1) coupon specimens and (2) full-scale air-
craft structure. Very reasonable durability analysis results
have been obtained using the robabilistic approach, includ-
ing both small cracks (e.g., 1 0.05") and large through-
the-thickness cracks (e.g., - 0.5").

2. It has been shown that the initial fatigue quality
(IFQ) of clearance-fit fastener holes can be reasonably esti-
mated using fractographic results from coupon specimens and
that the IFQ can be represented by an equivalent initial flaw
size distribution (EIFSD). Furthermore, it has been demon-
strated that the IFQ of fastener holes in full-scale struc-
tures can be defined using coupon specimens.

3. The probabilistic durability analysis approach de-
veloped can be used to "quantify" structural durability in
meaningful terms %uch as: (1) probability of crack exceed-
ance at any service time, (2) probability of functional im-
pairment at any service time, (3) cumulative distribution of
service time to reach any given crack size, (4) extent of
damage, and (5) structural wearout rate. Since the probabil-
istic approach developed accounts for the fatigue crack
growth accumulation in each structural detail susceptible to
fatigue cracking in service, it is referred to as a "quanti-
tative durability analysis approach." The extent of damage
prediction at a given service time is defined by the statis-
tics, such as the average and standard deviation of the num-
ber of structural details expected to exceed functional im-
pairment crack size limits. This quantitative prediction
provides an effective basis for evaluating functional impair-
ment, economic life and structural wearout, and trade-offs as
a function of the design and service variables.

4. The probabilistic durability analysis approach is a
powerful "durability design tool." It gives the user new
durability analysis capabilities and features not provided by
the existing deterministic crack growth approach based on the
"worst case" detail within a group of details. The probabil-
istic durability analysis method is not intended to complete-
ly replace the deterministic crack grow-th approach in the
durability design process. The deterministic crack growth
approach will continue to be a valuable tool for durability
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&nalysts -primarily during the preliminary design process.
since a deterministic crack growth analysis pý;ovidoas infcnm.a-
tion only for the "worst case" detail within a group of de-
tails, it canniot provide the "extent of damage" type inftorm%-
tion for the entire populati'in of structural. details..

5. Equivalent initial flaw sizes (EIPSs) are determined
by back'-extrapolatinq fractographic results. Since the frac-
tographic d&161& dependr on the testing conditions (e.g.,
stress levels, load spectrum, % bolt load transfer, etc.),
EIFSs are niot strictly "generic." However, EIFSD parameters
can be istimated 2 or dieferent fizactographic data sets using
the data poolting and statistical scaling procedures. It has
been conclusively shown that the EIFSD batsed on given f%-acto-
graphic data sets can be used to obtain very reasonable dur-
ability analyxi3 predictions for the other data act* and
full-scale aircraft structure for clearance-fit fiatener
holes (both straight-bore and countersunk) in 7473-T7351 al-
uzinum. It. should be cloiar that an EIFSD does not nonessar-
ily contain the "rogue flaw."

6. When an EIFSD is grown forward to a celec~ted service
tine, the service crack growth should be consistent with the
"basis" for the EIFSs. Therefore, the analytical crack
growth program used (e.g., 16,17] should be "tuned" or "curve
fitted" to the EIFS master curvap reflected in the EIrSD.

7, Probabilistic-based durability analyeis methods (4,
5,18] aire now sufficiently developed and 1emonatrated lox im-
mediate applications to metall~ic airframes. An updated dur-
ability design handbook and software for an IBM or~ IBM-com-
patibles PC are available for implementing the advanced dur-
ability analysis.

8. A "natural fatigue crack" data base for estimiating
the initial. fatigue quality of structural~ details can be ac-
quired as a part of the Aircraft Structural Integrity Program
(ASIP) test plan. For example. by not preflawing structural
details in test apecimý.,_ns, "natural fatigue crack" data can
be obtained.--thereby satisfying data requirements for both
durability and dama~ge tolerance. Additional testing and frac-
tographic evaluations, beyond the normal ASIP effort, may be
needed. to define IFQ. depending on the desired confidence
level and circumstances. IFQ data requirements can be read-
ily incorporated into the ASIP tost plan to minimize the cost
and time for acquiring the requisite data base.

9r. The stress level for eachi stress region 13 important
for crack growth predictions. Therefore, the stress analysis
for durability-critical c'omponents should reflect appropriatc~
finitet element grid sizes to obtain the desired stress analy-
sis accuracy for each str~ess region.
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10. Probabilistic durability analysis methodosovies de-
veloped can be extended to establish the optimal inspection/
repair/replacement/proof test maintenance for life management
of metallic aircraft structure. The extension can be made
based on some fundamental research efforts appearing in the
literature (e.g., 31-42].

7.2 RECOMMENDATTONS

1. The advanced durability analysis method developed
under this program should be used for future durability an-
alyses for metallic airframes. Structural durability can now
be quantitatively accounued for in the durability design pro-
cess.

2. Recommendations fcr durability analysis are as fol-
lows: (1) define the equivalent initial flaw size distribu-
tion (EIFSD) using fractographic data in the small crack size
region (e.g., C.01"-0.05"), (2) use fractographic data pool-
ing procedure and statistical scaling technique to estimate
the EIFSD parameters in a "global sense" for a "single hole
population" basis, and (3) use the two-segment deterministic-
stochastic crack growth approach (DCOA-SCGA) to predict the
extent of damage in the entire durability critical component;
the two-segment doterministic crack growth approach (DCGA-
DCGA) is also reasonable but it is slightly less conservative
than the DCGA-SCGA.

*3. The recommended changes in Air Force phil oophy and
durability design requirements described in Section V of this
volume should be adopted. This will allow the full potential
of the probabilistic durability analysis apprcach to be util-
ized in the design and analysis of future metallic aircraft
structures.

4. The advanced durability analysis approach developed
under this program should be investigated for other structur-
al details and considerations. ror example, the life en-
hancement effects of fastener hole iold working, interference
fit fasteners, press fit bushings, etc., on initial fati'ue
quality should be investigated. Similarly, the initial fa-
tigue quality of structural details, such as cutouts, lugs,
fillets, etc., should be investigated. Su.table test speci-
mens should be developed and standardized for acquiring init-
ial fatigue quality data for the key structural details to be
included in the durability analyuis.
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5. Future ASIP tept pw.~is snioulc2 be desi~r.ed to~ prov-ido
data for initia'l fatigue quality, durabil'.ty, and (Ia.i tol
eronce. Sv~lected fatigue tests should be 4,:onducted using spec.-
imenw without intintional preflawts so thi~t "natu'ral fatigue
crack"' datia can be obtiiineci. Thim approa,.h should ba used to
minimnize cost mnd time for acqui~ring the requisite IFQ data
base.

6. The meaning £nud limitations of EIFC; and an' EIFSD
must be emphasized. In particular, all EIFS9 should be grown
forward consistent with tho basis for the EIFSD. The EIFSD
should not be grown forward using an annaytical crack growth
program~ %ithout tuning and considarlng the basis for the EIkVS.

7. All aerospace contractors shiould uset the same method
to de'onna EIFS9 fci different matevAals and structural details
so that Coripatiblfs EIF13a can be obtained. The "Qa&(t' model"
f 4,5] is roasonati-a for determi~ning EIFSs9. This model or some
othier sulý.ahle model should be used to standardize the way
EIFSa a--e determined. Then, for a given fractograplirn data
set. fractogr~aphic crack size range (AL - AU) and the same an-
alysio procadure, all contractors will obtain the same ETF~s.
By standardizing thes wey ZIF~I are Cet#grmined, EIFSs from var-
ious sources can be dir:ectly compared--tlireby providing a
means for cataloging and atilirý.ing existing data frýýn various
sovirces to e&timrate the inItial fAtigue quality cf structural
details.

8. Initial fdtigue quality should not be repres#ented Ly
the identical initial flaw siza distribution irrespective of
matiorial, type of fastener ho~e, structural details, manufact-
uring processes, etc. For example, the statistical dispersion
of EIFSD for countersursk holes is significantly larger than
that --,Z the EIFSD for stral-jht-bore bules for clearance-fit
fastev'ers In ties same material in u'hich the teswere drilled
using coinparabl& Liethods. Thus, if a single initial flaw size
is selected for a given probability or percentile (e.g.,
1/1000) , and the deterministic approach is used for durability
analysis, the initial flaw size for a countersunk frastener
hole should be larger than that for a straight-bore fastener
hole based on our investigation.

9. The probabilistic durability analysis approach should
be investigated for discrininating "quality" at threa levels:
(1) material, (2) manufactured detail, and (3)h component. Of
particular interest is the following question: "'How does
improvement in initial material quality translate into improve-
ment in life of actual aircraft comuponents?" Thio research
can be built on the advancements made under this program and
the work conducted by ALCOA (e.g., 27,28].
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ACRONYMS

ADA - Advanced Durability Analysis

SASIP - Aircraft Structural Integrity Program

CLSBSA Cumbinod Least Square Sums Approach

DADTA Durability and Damage Tolerance Assesument

DCGA - Dtterministic Craok Growth Approach

.EI Equivalent Initial Flaw Size

BIFSD - Equivalent Initial Flaw Size Distribution

F'HQ - Fastener Hole Quality

HEIFS - Homogeneous EIFS

IFQ - I:nitial Fatigue Quality

LEFM - Linear Elast.c Fracture Mechanics

LT - Woad Transfer Through the Fastener

KKr- Method of Moments

NDE =. Non Destructive Evaluation

NDI V on Destructive Inspection

NLT - No Load Transfer Through the Fastener

OCGA - Stochastic Crack Growth Approach

SCGMC Service crack growth master curve

5S5 - Sum Squared Error

TSE - Total Standard Error

TTCI - Time-to-Crack Initiation
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